The corrosion behavior of Zn-Al-Cu alloy was investigated in HCl solution in absence and in presence of different concentrations of inhibitors. The techniques of measurements were: weight loss, linear polarization and galvanic static polarization. It was found that the corrosion rate of this alloy was higher than that of zinc or aluminum. The inhibitors used were: heterocyclic piperidine (PP), 2-methyl piperidine (2mp), 3-methyl piperidine (3mp) and 4-methyl piperidine (4mp). These inhibitors are mixed type and their inhibition efficiency, I%, increases according to the order: 2mp < 3mp < pp < 4mp. The values of activation energy of corrosion were determined in absence and in presence of inhibitors. It was found that the presence of these inhibitors increases the values of activation energy. The adsorption of these inhibitors on the surface of the alloy follows Frumkin's isotherm.
Introduction
Zinc-aluminum alloys can be used for manufacturing fittings exposed to steam or seawater, gears, bushings and other components subject to friction. Also, Al-Zn, Zn-Al and Zn are used as coatings for the protection of steel. These coatings were subjected to many investigations to test their corrosion resistance in different media [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . These corrosive media included mainly seawater, and NaCl solutions. Little attention was paid to study the corrosion behavior of this Zn-Al, Al-Zn coatings in acid media. Corrosion inhibitors protect these alloys and coatings from the destructive effect of the acids. Most acid corrosion inhibitors are heterocyclic compounds containing nitrogen, sulphur or oxygen. Inhibition appears to result from the adsorption of molecules and ions at the metallic surface. Adsorption depends on the chemical structure of the inhibitors, on the type of aggressive acid, and on the nature of the metal. Piperidine is a planar heterocyclic organic compound with amino nitrogen atom forming part of a six-member ring. In the present work the corrosion behavior of Zn-Al-Cu alloy in HCl solutions was tested. Also, the inhibition of corrosion of this alloy in HCl using piperidine and its methyl-substituted derivatives was investigated. These compounds have the following molecular structure: These compounds were provided from Aldrich Chemical Co Ltd.
Experimental
The corrosion rate was determined by weight loss, linear polarization and Galvanostatic polarization measurements. Experiments were performed with the alloy having the composition: 96.34% Zn, 2.8% Al, 0.86% Cu. The samples used for weight loss measurements had the dimensions 3×3×0.4 cm; for electrochemical measurements electrodes measuring 2×1×0.4 cm were used. For electrical connection, a stout copper wire lead was fixed at one end of the electrode by mechanical jamming. A platinum sheet of 1.5×1.5 cm and a saturated calomel electrode (SCE) were used as an auxiliary and reference electrodes, respectively. The current values used in the electrochemical measurements were derived from a constant current unit (2 µA -200 mA). The potential of working electrode relative to (SCE) was measured on digital millimeter (model 1008, Kyoritsu, Japan). Prior to the weight loss and electrochemical measurements the samples and electrodes were polished with different emery papers up to 4/0, washed the roughly with distilled water, rinsed in acetone and dried in air. The aggressive solutions were prepared by dilution of analytical grade 37% HCl with doubly distilled water. In weight loss measurements the alloy specimens were weighed before and after exposure time of five hours in the aggressive solution. From these weights the weight loss of the specimens was determined in grams and the corrosion rate, R w , in (g/ cm 2 / h). 
Results
The corrosion behavior of the investigated alloy was tested in hydrochloric solution of different concentrations (0.5, 1, 1.5, 2 M) at the temperature of 25 ºC by weight loss measurements. The results of this investigation were depicted in Fig. 1 as corrosion rate (g / cm 2 / h) versus the molarity of HCl.These results indicate that the rate of corrosion of the investigated alloy greatly increases with the increase of acid concentration. The concentration of 0.5 M HCl solutions was chosen as an aggressive medium to evaluate the inhibitory effect of piperidine and its methyl-substituted derivatives on the corrosion of Zn-Al-Cu alloy. In table 1 the results of weight-loss measurements were listed as corrosion rate, R w (g / cm 2 / h) of the alloy in 0.5 M HCl containing different concentrations of the investigated inhibitors. The values of inhibition efficiency, I%, were calculated from the data of corrosion rate using the following equation:
where R free and R inh are the corrosion rates (g / cm 2 / h) in the absence and in presence of inhibitors, respectively. The calculated values are listed in table 1 for the different concentrations of the investigated organic inhibitors. From these results it is clear that the value of I% increases with the increase of inhibitor concentration. Also, at a given concentration of the additive, the inhibition efficiency, I%, increases according to the sequence: 2mp < 3mp < pp < 4mp. (2) where (R p ) free and (R p ) inh are the polarization resistance in the absence and in presence of the inhibitor, respectively. The calculated values of I% were listed in table 2. These results indicate that the value of I% increases with the increasing the inhibitor concentration. Also, at a given inhibitor concentration, the value of I% increases according to the sequence: 2mp < 3mp < pp < 4mp.These sequence is the same as that obtained by weight loss measurements. (3) where (i corr ) free and (i corr ) inh are the values of corrosion current density in absence and in presence of the inhibitor, respectively. The calculated values of I%, are listed in table 3. These data indicate that the value of inhibition efficiency I%, increases with the increase of the inhibitor concentration. Also, at a given inhibitor concentration, the value of I% increases according to the sequence: 2mp < 3mp < pp < 4mp; this sequence is the same as those obtained by weight-loss and linear polarization measurements.
Discussion
The results of Fig. 1 indicate that the corrosion rate of the investigated alloy greatly increases with the increase of HCl concentration: it increases from 0.02 (g / cm 2 / h) in 0.5 M HCl to 0.266 (g / cm 2 / h) in 2 M HCl. This means that the rate of corrosion of the alloy increases about 13 times, when increasing the acid concentration 4 times. On the other hand, the corrosion rate of the alloy slightly increases in HCl solution of concentrations smaller than 0.5 M, where it has the values of 0.01, 0.012 and 0.015 (g / cm 2 / h) in 0.05, 0.1 and 0.25 M HCl, respectively. Also, the corrosion rate of this alloy in HCl solutions is greatly higher than that of aluminium metal [13] or zinc metal [14] [15] [16] . Tanaka et al. [5] , also found that the rate of cathodic reaction in Zn-Al plating was faster than in Zn plating, state of which confirms the present studies. It was reported [1, 2, 4] that the mechanism of corrosion was procceding in two discrete steps. The general attack of the surface involving corrosion predominantly the zinc phase of the alloy, hence creating pores into the alloy. After the zinc has been consumed by corrosion, aluminium is attaked within the matrix via chloride transport into these pores. The results of this series of experiments indicate that in the presence of the investigated organic compounds there is a reduction in the corrosion rate of the alloy. In these media there is a competition between the active ions such as Cl -ions and the inhibitor molecules for the adsorption on the metallic surface. The adsorbability of each of them greatly depends on their relative concentrations. This means that the inhibitive effect of organic molecules depends on the concentration of Cl -ions, which decreases with increasing ability of the inhibitor to form a protective layer on the metal surface. Other authors [17, 18] found that, at a constant, for each additive it is necessary to reach a particular concentration value before the additive to exert its inhibiting effect on the corrosion process; above this concentration, the inhibiting efficiency first increases with concentration, then it increases more slowly tending asymptotically to a limiting value.
The corrosion inhibition study of the investigated compounds indicated that these compounds had a significant effect. This phenomenon was conferred by the presence of an electron donor group such as N in the piperidine structure. The presence of free electron pairs in N played the major rule in the adsorption of the organic compound on the metallic surface. The skeletal representation of the mode of adsorption of these compounds can be shown as follows:
The relation between the surface coverage, θ, (where I% = 100 θ) and log C (where C is the molar concentration of the inhibitor) had the character of an Sshaped adsorption isotherm, Fig. (4) . This result showed that the investigated inhibitors were adsorbed on the alloy surface according to the Frumkin's isotherm [19] ( ) (
where K is the equilibrium constant of adsorption reaction, f is a function of adsorption energy, θ is the surface coverage and C is the molar inhibitor concentration. Also, the investigated inhibitors can be adsorbed on the alloy surface according to the Timken's isotherm, which can be represented by the equation:
where a is the molecular interaction parameter.
The obtained results of polarization measurements, Fig. 3 , and similar ones, indicated that the investigated compounds behave as mixed inhibitors, i.e. both the cathodic and anodic polarization curves are affected by the presence of inhibitors in the corrosion medium [18, 20, 21] . In this study, it has been found that the magnitude of the displacement of the polarization curves appears to be dependent on the molecular structure of the inhibitor. Also, the cathodic and anodic current-potential curves gave rise to more or less parallel Tafel's lines, indicating that the hydrogen evolution and metal dissolution were activation controlled and the addition of organic inhibitors did not modify the mechanism of these processes [20, 22] . The inhibiting action of such compounds occurs by the blocking of the electrode surface, thus decreasing the surface area available for the electrochemical reaction. (6) The calculated values of apparent activation energy, E a , are: 47.7, 76.4, 84, 64.1 and 59.2 kJ/mole in the absence and in the presence of the organic compounds pp, 4mp, 3mp and 2mp, respectively. Ideally, a corrosion inhibitor is a substance that increases the activation energy of the corrosion process. This is clear from the comparison of the values of E a in the absence and in the presence of investigated inhibitors. Since the presence of inhibitor causes a significant change in the value of the apparent activation energy, thus it indicates a change in the rate-determining step brought about the presence of inhibitor. The value of E a for the investigated inhibitors increases according to the order: 2mp < 3mp < pp < 4mp. This order is the same as that obtained for the inhibition efficiency, I %, of these inhibitors, where the activation energy, E a , increases with the increase of inhibition efficiency, I%. The possibility of correlating structural characteristics with the inhibition efficiency of organic substances is justified by the fact that the metal-inhibitor interactions are based on chemisorptions; it is possible to assume a bond of the Lewis acid-base type, generally with the inhibitor as the electron donor and the metal as the electron acceptor. The strength of this bond depends on the characteristics of both adsorbent and adsorbate. The obtained results show that the substitution of hydrogen in 4-postion of the piperidine ring by methyl group increases the inhibition efficiency of the organic compound (4mp). On the other hand the substitution in 2 and 3-positions decreases in the inhibition efficiency of the compounds (2mp, 3mp). As above mentioned the inhibition efficiency of the investigated compounds increases according to the order: 2mp < 3mp < pp < 4mp. It can be mentioned that the center of adsorption of the investigated organic compounds may be N atom. The introduction of methyl group in 4-position of heterocyclic ring increases the molecular size of the compound without any steric effect on the adsorption center (23) . This state leads to the increase of inhibition efficiency of the compound 4mp that becomes better than the parent compound, pp. On the other hand, the introduction of methyl group in 2-and 3-positions gives rise to steric effect on the adsorption centers of the compounds (2mp and 3mp) which in turn decreases the inhibition efficiency of the compounds and becomes smaller than the parent compound, pp. Also, it can be mentioned that the steric effect of 3-position is smaller than that of 2-position. This state leads to the above mentioned order of the inhibition efficiency of the investigated compounds.
Conclusions

1-
The corrosion rate of the investigated alloy in HCl solutions is higher than those of Al or Zn. 2-The corrosion rate of alloy greatly increases with the increase of HCl concentration. 3-Piperidine and its derivatives have high inhibition effect on the corrosion of the alloy in 0.5 M HCl solution. 4-The investigated inhibitors act as mixed inhibitors and don't change the hydrogen evolution mechanism and metal dissolution mechanism. 5-The inhibitory effect was the result of the interaction between the inhibitor molecule, via N-atom, and the metallic surface that decreases the active surface. 6-The adsorption of investigated compounds on the alloy surface obeyed Frumkin's adsorption isotherm, and also Temkin's adsorption isotherm. 7-The values of inhibition efficiency of the compounds decreased with increasing the temperature and their addition led to an apparent increase in the activation corrosion energy.
